Microfluidic alignment has attracted attention as a possible tool for the orientation of micronsize rods suspended in a solvent and the deposition of these rods in ordered arrays on solid surfaces. In the present work the following situations are realized experimentally: ͑i͒ a flow through an abruptly converging ͑or diverging͒ joint between wide and narrow straight channels which entrains and aligns ͑or misaligns͒ microrods and ͑ii͒ a tiny droplet of the order of a hundred microns that contains microrods is displaced due to Marangoni convection forces in a channel subjected to a temperature gradient. The flow near the advancing contact line orients the random suspension of rods and guides them towards the channel bottom where they are deposited in an ordered array. In parallel with this experimental study, the processes of microrod reorientation and alignment in the above-mentioned flows and in a similar sinklike flow into an issuing jet were studied using solutions of the Fokker-Planck equation for the orientation probability density function.
I. INTRODUCTION
Microfluidics is attracting attention as a possible tool for the automated handling, sensitive detection, and potential isolation of individual droplets or microsized objects. Such technology can be useful in lab-on-chip applications involving biological assays, environmental monitoring, and detection of toxic materials, as well as for the assembly of nanoand microscale objects into more complex systems.
1-8 One of the challenges in various microfluidic applications is orienting of microsize rods suspended in a fluid and the deposition of ordered rod arrays on a solid surface. Dielectrophoretic forces were applied to manipulate individual live bacterial cells 9 and nanowires 10 suspended in a liquid medium and further on to orient them across microsized electrical contacts. Magnetic forces have also been used to manipulate suspended nanowires. 11 Reference 12 exploited the Langmuir-Blodgett technique to uniaxially compress a nanowire-surfactant monolayer on an aqueous subphase, thereby producing aligned nanowires with controlled spacing. Microcontact printing and dip-pen nanolithography were used to prepare microarrays for bacterial adhesion. 13 Reference 14 investigated the orientation of rodlike particles in a nonuniform elongational flow through an abrupt contraction in a cylindrical channel at a low Reynolds number. It was found that the orientation dynamics of a particle depends on the deformation history it has been experiencing during the flow, whereas at the orifice, all the particles were found to be fully oriented. Reference 15 demonstrated the orientation of suspended nanowires using Marangoni convection in a channel.
In the present work fluidic alignment situations are studied theoretically and experimentally and can be classified into three basic types of flows: ͑1͒ sinklike flows into an issuing jet, ͑2͒ cornerlike flows, and ͑3͒ elongational flows in a Venturi element. The process of rod orientation is studied by using relevant solutions of the Fokker-Planck equation for the orientation probability density function. Experiments are performed using microfluidic elements manufactured by soft lithography. In this work we focused on the orientation of rod-shaped bacteria ͑bacillus 16 ͒ that were subjected to shear and a high-rate elongational flow using microfluidics. The paper begins with a theoretical analysis. The experimental methodology is then described and a comparison is made between the experimental results and the previously determined theoretical predictions. We then present the conclusions based on these analyses.
II. PROBLEM FORMULATION
The microrod aspect ratio is assumed to be on the order of 10, with the length L on the order of 10 m. The suspension is assumed to be sufficiently dilute so that there is no direct or hydrodynamic interactions between the rods. For rods of such small dimensions, the creeping flow approximation is expected to hold locally, while the center of mass is "frozen" into the moving solvent. Thus, translational motion of the rods relative to the solvent is impossible. However, rotational motion of the rods about the center of mass due to the action of moments of the viscous forces from the solvent side is possible and, in fact, important. The rods, however, are large enough to neglect totally random forces that could result in Brownian motion, in particular, rotational Brownian motion. Therefore, the rotational dynamics of the rods suspended in the solvent are purely deterministic. Basically, the same assumptions were used in the theoretical analysis of Ref. 17 . The initial angular distribution is fully chaotic ͑white noise͒ and this initial randomness is the reason that the Fokker-Planck equation for the orientation probability density function W is needed. The initial fully random orientation will change due to the flow effect on the rods' orientation.
The rotational probability density function W satisfies the Fokker-Planck equation 18 
DW
where DW / Dt denotes the material time differentiation. The rotational Brownian diffusion has been omitted from Eq. ͑1͒, as discussed above.
The rotational dynamics of a single microrod are characterized by the motion of its director, the unit vector p, which is embedded along its centerline. For a spheroidal microrod, it is given by
where the dot denotes material time differentiation, and D and ⍀ the rate of strain and the rate of rotation tensors, respectively, which represent the symmetric and antisymmetric parts of the transposed velocity-gradient tensor K = ٌ͑v͒ T . The parameter is given by
which relates it to the rod aspect ratio a = L / D ͑where D is the largest cross-sectional diameter͒. Flow fields will be referred to a laboratory coordinate system, X 1 X 2 X 3 , which has been chosen for its ability to accommodate specific problems discussed below. Microrod orientation will be described using the spherical angular coordinates, , , centered at the current location of its center of mass ͑cf. Fig. 1͒ . Let us consider several general cases relevant to the present work.
A. Planar flow described using Cartesian coordinates
In the general case of planar flow in the plane X 1 = x, X 2 = y ͑cf. Fig. 1͒ 
The probability density function W ϳ is periodic in the direction and satisfies the global normalization condition for the planar case
The initial condition is that of white noise at t =0,
In planar flow it follows from the definition of K that K xx = ‫ץ‬u / ‫ץ‬x, K xy = ‫ץ‬u / ‫ץ‬y, K yx = ‫ץ‬v / ‫ץ‬x, and K yy = ‫ץ‬v / ‫ץ‬y. Due to the continuity equation ͑the incompressibility condition in the present case͒, ͑‫ץ‬u / ‫ץ‬x͒ + ͑‫ץ‬v / ‫ץ‬y͒ = 0, and thus, K xx =−K yy . In the case of an irrotational ͑potential͒ flow, ٌ ϫ v = 0 and thus, 
In the present case the plane of flow is X 2 X 3 in Fig. 1 and we assume that all microrods are located in this plane. Therefore, ϵ /2, ‫ץ‬W / ‫ץ‬ = 0, and W ͑t , ͒ϵW͑t , , = /2͒. Moreover, in the specific case of a creeping flow near the moving contact line of a drop considered below, i.e., in the shear-dominated situation due to the definition of K and the flow kinematics
and only the component K r is distinct from zero. Then, Eq. ͑9͒ reduces to
Here, the angle , in fact, can vary in the range ͓0,2͔. Therefore, the normalization and the initial conditions are still given by Eqs. ͑6͒ and ͑7͒ with being replaced by . The function W is periodic in .
C. Axisymmetric flow
In the case of an axisymmetric flow, the axis X 1 ͑cf. Fig. 1͒ will be directed parallel to the flow axis and denoted by z. The axis X 3 will be directed along the local radial coordinate r in the cross section, and X 2 in the negative direction of the local polar angle in the cross section. Then, Eqs. ͑1͒ and ͑2͒ yield 
͑12͒
In the present case we do not assume the initial microrod orientation being only in the meridianal planes for = const. Therefore, to handle an arbitrary initial distribution, the global normalization condition used is
where p is a unit vector sweeping the whole steric angle, and the initial condition corresponding to the initial white noise is at t =0,
The function W is periodic in .
III. SPECIFIC PROBLEMS

A. Planar potential jet outflowing from an orifice
As an example of a gradually converging flow with the kinematics closely resembling that in a converging channel, consider a planar potential jet outflowing from a wedge of semiangle ␣ through an orifice of size 2b ͑cf. Fig. 2͒ . The flow field is calculated analytically using the well-known solution found using conformal mapping. 20 The coordinates x and y are rendered dimensionless by b, and the hydrodynamic potential ⌽ ͑i.e., v = ٌ⌽͒ and the stream function by V ϱ b, where V ϱ is the downstream velocity in the jet, which is determined from the given stagnation pressure in the wedge. The jet thickness at x = +ϱ, 2bЈ, and the dimensionless flow rate Q ͑rendered dimensionless by V ϱ b͒ are found from the solution.
A given microrod moves with its center being at one of the streamlines and rotates about the center in the flow plane. The Fokker-Planck equation describing the microrod's orientation in the present case is given by Eq. ͑8͒. Each point in the streamline corresponds to a certain value of the potential ⌽, which yields a relation of time t to ⌽. Then, Eq. ͑8͒ takes the form
where the velocity components, u and v, as well as the components of the transposed velocity-gradient tensor K are found using the velocity field of the basic flow ͑shown in Fig. 2͒ for any streamline = c ͑−Q ഛ c ഛ 0͒, along which a microrod is located during its motion. An example of K xx and K xy being calculated is shown in Fig. 3 . Equation ͑15͒ is solved numerically using the characteristics
The calculation begins at ⌽ =−1 ͑which is effectively almost equivalent to ⌽ =−ϱ; sufficiently deep in the wedge͒, where the initial condition of white noise ͓Eq. ͑7͔͒ is imposed. The results for a "very long" microrod with = 1 are shown in Fig. 4 . It is seen that the angular distribution of the orientation distribution function W develops sharp peaks at the angles = 0 and . Since the angle is between the microrod direction and the direction of the central streamline, the result indicates that the flow causes the alignment of the microrods along the flow axis. In the jet, where the streamlines are almost parallel, all the microrods will be axially   FIG. 3 . Components of the transposed velocity-gradient tensor K corresponding to jet outflow from an orifice. The components were calculated along the streamline c = −0.4Q; Q = 1.38, ␣ = 60°.
oriented. For shorter microrods with = 0.6 ͑a = L / D =2͒, the alignment effects are weaker than for the very long ones, but they are still significant. The calculations ͑not shown here͒ reveal that for a microrod of = 0.6 located downstream in the jet ͑at ⌽ = 5, which is effectively almost equivalent to ⌽ = +ϱ͒, the distribution of W is rather similar to that of Fig.  4͑c͒ , but with peak heights of about 6 ͑instead of about 66 for =1͒. It is emphasized that the flow structure considered in the present subsection is similar to that in a converging channel flow studied experimentally ͑see below͒. Therefore, the results shed light on microrod orientation in converging planar channels.
B. Planar creeping flow near the moving contact line in a drop
The flow field considered in the present subsection resembles the one studied experimentally using a droplet displaced along the channel due to the thermal Marangoni convection ͑see below͒. A sketch of the flow is given in Fig. 5 . As the reference frame in this case is that of the moving drop, the contact line 0 is stationary, whereas the wall moves with velocity U equal to that of the moving contact line ͑cf. Fig. 5͒ . The contact angle is equal to ␣ and the flow is described using the polar coordinates r and . The microrod orientation with respect to the local radial direction is given by angle . The global flow structure near the advancing contact line is treated as a creeping flow in a wedge with one side being the free surface and the other the channel bottom ͑cf. Fig. 5͒ . The planar flow within the wedge with one of the surfaces being the free surface is readily available. 21 The stream function is defined as = Urf͑͒, where the dimensionless function f is given by the following expression:
The calculated flow field is depicted in Fig. 6 , where x, y ͑and r͒ are rendered dimensionless by an arbitrary length scale l, and the stream function by Ul. For such a flow field, Eq. ͑10͒ holds and the only nonzero component of the transposed velocity-gradient tensor is
where primes denote differentiation by . The relevant form of the Fokker-Planck equation ͑11͒ in the present case becomes
where we also use the relation between time and the angular location of a microrod in the flow field. To find the orientation distribution function W , Eq. ͑19͒ is solved numerically using the characteristics
The results for the orientation probability density function for a very long microrod ͑ =1͒ are shown in Fig. 7 . It is seen that as the microrods move from the proximity of the free surface toward the contact line, they become inclined by several degrees about the local position vector, i.e., they become oriented almost parallel to the free surface ͓cf. Figs. 7͑a͒ and 7͑b͒, where W max Х 0.3 and 0.75, respectively, instead of W =1/͑2͒ = 0.159͔. As the microrods approach the wall, their orientation order increases ͓cf. Figs. 7͑c͒ and 7͑d͒ , where W max Х 37 and 1350, respectively͔. If the microrods were to be deposited on the wall, their array would be ordered. A sketch of the microrod orientation is shown in Fig.  7͑e͒ . The longer the microrod, the higher the degree of orientation that can be achieved for any value of the contact angle ␣ chosen. The smaller the angle ␣, the higher the orientation order at a given . The conclusion from this subsection is that "long" microrods are more highly oriented by the flow near the advancing contact line and can be deposited at the wall as an ordered array. On the other hand, as the calculations ͑not shown͒ reveal, groupings of the short microrods with L / D Х 2 cannot be significantly oriented.
C. Axisymmetric creeping flow in a small Venturi tube
As an example of microrod alignment in an axisymmetric flow, consider creeping flow in a converging-diverging, one-sheeted hyperboloid of revolution, producing a Venturi tube as shown in Fig. 8͑a͒ . In this case, it is useful to adopt the oblate spheroidal coordinates, and , instead of the cylindrical coordinates, r and z, 
where is rendered dimensionless by the volumetric flow rate through the tube. The minus sign before the right hand side of Eq. ͑22͒ corresponds to the flow direction against the z axis in Figs. 8͑a͒-8͑c͒ . The flow field given by Eq. ͑22͒ is used to calculate all the components of the velocity vector and the corresponding transposed velocity-gradient tensor. An example of the calculations is shown in Fig. 9 , where the tube with C = 1 and 0 = 0.85 is considered. The components of the transposed velocity-gradient tensor were found along the stream surface corresponding to = 0.93. The calculation started from =5 ͑which was used instead of = ϱ͒ with the condition of Eq. ͑14͒ imposed ͓cf. Eq. ͑25͒ below͔, which assumes the meridianal arc length to be s = 0 there, and continued to =0 ͑at the bottleneck͒. It is emphasized that in such a flow, the largest component is K zr ͑which corresponds 
The white noise condition at the far end/entrance ͑or exit͒ of the tube is imposed as
and Eq. ͑23͒ is solved numerically using the characteristics
The periodicity conditions
hold in the present case.
The results corresponding to the converging part of the tube with C = 1 and 0 = 0.85 calculated for the stream surface = 0.93 are shown in Fig. 10 . The very long microrods with = 1 were considered. The initial white noise condition of Eq. ͑25͒ was implemented in the calculations at = 5. Close to this "random" cross section of the tube, downstream at = 4.5, one can already see the formation of three bumps in the distribution of W͑ , ͒ ͓Fig. 10͑a͔͒. Still closer to the bottleneck ͓at = 3, Fig. 10͑b͔͒ , the bumps become sharper, and in the bottleneck itself ͓at = 0, Fig. 10͑e͔͒ they appear as very high, sharp peaks. This shows that particle alignment is significantly enhanced. The two-dimensional projections in Figs. 10͑c͒ and 10͑d͒ , and especially in Figs. 10͑f͒ and  10͑g͒ , show that the alignment angles are = 0 and , and Ϸ / 2. To relate these findings to Fig. 1 , this means that close to the bottleneck the particles are located in the plane X 1 X 3 ͑i.e., zr͒ and oriented almost along X 1 ͑i.e., z͒. Therefore, all the microrods align in the meridian ͑longitudinal͒ cross sections of the tube zr and to a fair degree in the axial direction z. A slight deviation from the perfect axial direction ͓since the peaks in Fig. 10͑g͒ are not located exactly at = /2͔ is caused by the shearing component K zr of the transposed velocity-gradient tensor ͑cf. have been almost perfectly axially oriented. On the other hand, if the flow then passes through the diverging part of the tube, the peaks in the W distribution disappear and the distribution tends to W =1/4 once again. Similar results were obtained for shorter microrods with = 0.6 ͑L / D =2͒, albeit the peaks in the W distribution are much lower, indicating that the microrod orientation in the corresponding cross sections is much weaker.
IV. EXPERIMENTAL METHODOLOGY
The microchannels were made from poly͑dimethylsilox-ane͒ PDMS using soft-lithography techniques. 23 PDMS stamps were manufactured by casting PDMS ͑Sylgard 184 silicon elastomer͒ against a silicon master that was prepared by a photolithographic method. To cure, a 1:10 ratio of the curing agent and the prepolymer were mixed and incubated at 60°C for 3 h. The PDMS mold was then peeled from the silicon wafer and cut prior to use. A typical microchannel had a rectangular cross section of width w = 400-1000 m and height h =40 m. Since w ӷ h, the flow can be considered as a planar flow. The dispersion liquids used were water/ glycerol 1:1. The concentration of the rod-shaped bacteria in the liquid media was of the order of 0.1% ͑w / w͒. Figure 11 shows a scanning electron microscope ͑SEM͒ micrograph of dead bacillus bacteria. 16 One can observe that the bacteria's shapes are not perfectly rodlike or even ellipsoidal; also, some of them are interconnected end to end. Their motion in the flow was observed using an optical microscope ͑Olympus BX51͒ with a magnification of 500-1000, and a video camera ͑Olympus DP12, 30 fps͒. SEM micrographs were obtained by detecting the scattered secondary electrons using a high resolution SEM ͑Leo Gemini 982͒ at an acceleration voltage of 2 -4 kV. The purpose of this experiment was to refine the techniques for the assembly and alignment of rodlike bacteria of a micrometer length scale for possible application in nanoand biosystems. It was achieved by using flows of dilute rodlike bacterial suspensions within a microchannel using either a syringe pump or thermally driven motion. The Reynolds and capillary numbers in these flows were Re = hU / ϳ 10 −1 -10 −3 and Ca= U / ␥ ϳ 10 −3 , respectively, where , and ␥ are the viscosity, density, and surface tension of the fluid and U is the mean flow velocity.
Three types of flows were studied in the experiment: ͑a͒ A sink/jetlike flow in a converging microchannel with approximately a tenfold contraction ͓Fig. 12͑a͔͒. This type of flow is similar to a jet outflow from a wedge and was considered in Sec. III A. It can perfectly align rodlike particles ͓see Figs. 12͑a͒-12͑c͔͒ . ͑b͒ A Venturi channel that produces a sufficiently elongational converging flow close to the entrance and a diverging flow close to the exit. The converging part of the flow aligns rodlike bacteria, whereas the diverging one misaligns them ͑Fig. 13͒. ͑c͒ A cornerlike flow produced by a droplet meniscus moving inside the microchannel due to the Marangoni thermal convection. The flow near the advancing contact line resembles the one considered in Sec. III B. Fig. 12͑a͒ . ͑c͒ The orientation angle of a rodlike bacterium ͓8 from Fig. 12͑b͔͒ as it moves in the converging flow. ͑d͒ The orientation factor at seven locations along the converging region.
V. RESULTS AND DISCUSSION
We found that the sink/jetlike flow depicted in Fig. 12͑a͒ is capable of an almost perfect axial alignment of rodlike particles because of its elongational character. Velocities of eight rodlike particles in this flow field are shown in Fig.  12͑b͒ . The orientation of a rodlike bacterium moving in the sinklike flow field is depicted in Fig. 12͑c͒ . It is seen that the bacterium becomes oriented along its axis as tends to 180°. Moreover, it was found that this kind of a sink/jetlike flow is capable of separating aggregated bacteria and also unfolding and aligning chains of bacteria if they were interconnected end to end as in Fig. 11͑b͒ . The strong alignment shown experimentally in this case agrees with the theoretical expectations. The orientation factor f =2͗cos 2 ͘ − 1 in twodimensional ͑2D͒ flow was determined using the data for 200 rodlike bacteria. It increases from 0.4 to 0.9 ͓Fig. 12͑d͔͒ as a function of the location along the streamlines ͑the measuring error is ±0.01͒.
From the experiment shown in Fig. 13 , we can conclude that elements like the Venturi-like channel are capable of aligning the rodlike bacteria in the flow direction in the converging part. The diverging part, on the other hand, is detrimental for axial alignment ͑Fig. 13͒. These conclusions are in agreement with the theoretical predictions, even though the latter correspond to the axisymmetric case. Fig. 14͑a͒ shows the velocity increase of three rodlike bacteria as a result of their motion in the converging part of the Venturi microchannel with elongational flow. As Fig. 14͑b͒ shows, the rodlike bacteria become almost perfectly axially aligned in the converging part. On the other hand, in the diverging FIG. 13 . ͑Color online͒ Top view of a Venturi microchannel: the right-hand side ͑1͒ of the microchannel produces a converging flow where the rodlike bacteria are aligned, whereas the left-hand side ͑3͒ produces a diverging flow where the bacteria become misaligned, once again. The aligned rodlike bacteria move through the straight part of the microchannel ͑2͒. The suspension used was water/glycerol 1:1, 0.1 wt. % Bacillus. The microchannel height was 40 m.
FIG. 14. ͑Color online͒ Velocities and orientation of three bacteria ͑1, 2, and 3͒ as functions of their axial coordinates in the Venturi channel. ͑a͒ Converging part ͑1 in Fig. 13͒ , ͑b͒ angular orientation relative to the channel axis in the converging part, and ͑c͒ diverging part of the channel ͑3 in Fig. 13͒ ; s is calculated along the streamline shown in Fig. 12 ͑which corresponds to domain 1 in Fig. 13͒ . part the velocities of the rodlike bacteria decrease ͓Fig. 14͑c͔͒ and their alignment becomes disordered ͑as seen in Fig. 13 , domain 3͒.
In these experiments, a number of bacteria were asymmetric or represented nonspheroidal triaxial ellipsoids in shape ͑Fig. 11͒. The experiments showed that such particles can rotate periodically, quasiperiodically, or chaotically in qualitative agreement with the theoretical predictions in Ref. 24 .
The third type of flow studied experimentally was the cornerlike flow produced by a droplet meniscus moving inside a microchannel. The experimental design was based on the Marangoni convection of a droplet with suspended iron rodlike particles ͑500 nm in diameter, 2 -6 m in length in hexadecane, a dilute solution͒ inside a microchannel with a rectangular cross section ͑w = 400 m and h =40 m͒ ͑for additional information on the experimental setup, see Ref.
15͒. A series of photographs taken near the advancing contact line of the droplet reveals a cornerlike flow structure similar to the one depicted in Fig. 6 . The four video frames shown in Fig. 15 were taken by the camera associated with the channel bottom. In this frame of reference, the particles ͑outlined by dotted lines in Fig. 15͒ move from the bottom toward the free surface. On the other hand, in the frame of reference associated with the advancing contact line, they would move from the free surface toward the bottom as in Figs. 5, 6 , and 7͑e͒. Close examination of the images similar to those of Fig. 15 reveals that the particles align with the streamlines. In particular, random orientation of a particle near the bottom is replaced by a particle orientation parallel to the free surface. A comparable trend was found in Fig.  7͑e͒ , where random orientation near the free surface was replaced by a particle orientation parallel to the bottom.
VI. CONCLUSION
The theoretical and experimental results show that converging planar or axisymmetric flows with strong uniaxial elongational components are capable of the almost perfect axial orientation of microrods ͑or rodlike bacteria͒. On the other hand, diverging flows are detrimental to microrod alignment and restore random angular orientation. Sheardominated flow near the advancing contact line is capable of orienting sufficiently long microrods, whereas microrods with an aspect ratio of 2 are only slightly oriented. The findings of the present work are useful for further development of the lab-on-a-chip technique.
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